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ing to note that this motion between different closed
states that had previously only been predicted to occur
based on channel gating kinetics can now be monitored
directly using VCF. Since these conformational changes
are only detected with the dye on the positively charged Forgetting Those Painful Moments
-helical face of S4, the rearrangement appears to occur
not in S4 but in its surrounding, probably the S2 and
the S3 segments.
We all know that memories fade—although not alwaysThe findings suggest that movement of the S4 during
as quickly as we would like. What molecular and cellu-activation introduces two more positive charges into the
lar processes underlie forgetting? In this issue of Neu-crevice, for a total of three charges, and that increases
ron, Schwaerzel et al. indicate that extinction of anby 30% the side chain volume within the crevice. In
odor memory in Drosophila may involve the same neu-order for the crevice to accommodate this volume
rons as those involved in forming the memory.change, it is expected to adopt a wider conformation.
Such physical widening of the crevice is proposed to
require a prior relief of the magnesium-dependent stabi- All memories slowly decay, and this could result from
lization of the narrow conformation of the crevice. This breakdown or improper maintenance of the molecular
implies a very specific sequence of events during chan- changes in the brain that represent the memory. Our
nel gating, where, following depolarization, the magne- understanding of memory formation is improving. We
sium ion has to first dissociate, allowing the crevice to know many of the molecular players and are starting to
widen, and only then the outward motion of the S4 is fit the pieces into cellular networks in a number of model
permitted. This sequence of events explains the com- nervous systems (Kandel, 2001; LeDoux, 2000; Waddell
plex sigmoidal activation kinetics seen in these chan- and Quinn, 2001). However, passive memory decay is
nels, the strong influence of magnesium in assisting the not the only way we forget. Memories can also be ac-
movement of the S4 back to its resting state at strong tively extinguished (Rescorla, 2001). In this issue of Neu-
negative potentials, and the effect of these ions in ron, Schwaerzel et al. report their efforts to understand
switching the channel to its slow gating mode at rest. the extinction of associative olfactory memory in Dro-
Although most voltage-gated potassium channels do sophila.
not have magnesium-dependent modal switching of Associative learning is readily studied in several ani-
channel gating, this work illuminates our understanding mal models. Essentially, an animal learns to expect pun-
of the mechanism by which most voltage-gated chan- ishment (or reward) when they encounter a stimulus that
nels operate. In most voltage-gated potassium chan- they previously experienced with that penal (or pleasur-
nels, activation increases the amount of S4 charges in able) reinforcement. For example, rodents can be taught
the crevice and, in addition, displaces a larger side chain to associate a tone with electric shock punishment
volume. This may introduce the need for conformational (LeDoux 2000). Later, when they hear the tone alone,
rearrangements of the S2/S3 region to adapt the acti- they display features of a fearful response and freeze.
vated state of S4, leading to part of the coupling between Fruit flies can be similarly trained to associate an odor
voltage sensing and pore opening in voltage-gated with an electric shock punishment. When later given a
channels. choice between that odor and another, they choose the
non-shock-associated odor (Tully and Quinn, 1985).
In flies, memory normally decays slowly after training,Eitan Reuveny
but it can be more rapidly extinguished by repeatedlyDepartment of Biological Chemistry
exposing the flies to the conditioned odor in the absenceWeizmann Institute of Science
of punishment (Tully and Quinn, 1985). This “extinctionRehovot, 76100
training” results in the odor becoming a less reliableIsrael
predictor of punishment and in turn suppresses the
learned avoidance. Although extinction diminishes theSelected Reading
expression of learned behavior, it is evident from many
Aggarwal, S.K., and MacKinnon, R. (1996). Neuron 16, 1169–1177. studies in rodents that the initial learning is suppressed
rather than erased (Rescorla, 2001). The best evidenceBezanilla, F. (2000). Physiol. Rev. 80, 555–592.
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for this is that initial learning performance spontaneously
recovers following extinction. Extinction itself is consid-
ered to be a relearning event. It is therefore possible
that extinction involves the same molecular and cellular
pathways as that of learning.
The cloning of genes responsible for learning defects
has revealed that the cAMP cascade is central to fly
learning (Waddell and Quinn, 2001). One such gene is
rutabaga (rut) that encodes a type I Ca2/Calmodulin-
stimulated adenylate cyclase. Current models predict
that RUT AC is a coincidence detector in learning—it Neural Circuitry of the Drosophila Olfactory System
brings together the odor and shock stimuli (through syn-
This figure is adapted from Figure 4G in Perez-Orive et al. (2002).ergistic activation by Ca2/Calmodulin and Gs) (see
One side of the brain is shown. Olfactory input is carried to the
Waddell and Quinn, 2001). Zars et al. (2000) previously antennal lobe (AL) by receptor neurons in the antennae (data not
demonstrated that the learning defect of rut mutant flies shown). Excitatory neurons in the antennoglomerular tract (AGT)
could be rescued by expressing the wild-type rut gene relay this information to the mushroom body (MB) neurons—called
Kenyon Cells (KC)—and the lateral horn (LH). AGT neuron input tospecifically in mushroom body (MB) neurons. This result
the lateral horn drives firing of lateral horn inhibitory neurons (LHI).demonstrated that the MB neurons are sufficient for
LHI neurons feed forward onto the MB. The LHI neurons are inferredRUT-dependent processes in olfactory learning. It is
from their presence in the locust.
predicted that association of odor and shock occurs
in the MB, that it is mediated by RUT AC, and that
downstream cAMP-dependent events then alter MB
shapes the odor-evoked electrophysiological responsesynapses. In support of this, it was found that blocking
and selectivity of MB neurons. It may well be critical foroutput from these putatively modified MB synapses
odor learning, extinction, or both.abolished recall of olfactory memory (Dubnau et al.,
What is the molecular mechanism of extinction? Sev-2001; McGuire et al., 2001, Schwaerzel et al., 2002).
eral studies have looked at the molecular requirementsSchwaerzel et al. have used MB-rescued rut mutant
for extinction in rodents. There appears to be both over-flies to examine the locus and mechanism of extinction.
lap and differences with the molecules of learning (Ber-By restoring rut expression to less than a third of the
man and Dudai, 2001; Lattal and Abel, 2001; MarsicanoMB neurons, they were able to limit memory formation
et al., 2002). Schwaerzel et al. speculate that extinctionto these neurons. They then tested if this MB memory
involves antagonism of cAMP signaling. Interestingly,was extinguishable. They found that extinction training
GABA(B) receptors are negatively coupled to the cAMPreduced learned odor avoidance of MB-rescued rut mu-
cascade and therefore their activation by GABA re-tants just as it did with wild-type flies. This indicates
leased from LHI-like neurons (Perez-Orive et al., 2002)that extinction interferes with MB memory but does not
may be key. Another recent paper reports that canna-tell us exactly where or how it happens.
binoid receptor (CB1) knockout mice are impaired inTo narrow down the site of extinction, the authors
extinction of aversive memories, although memory ac-used spatial and temporal blockade of synaptic trans-
quisition and storage of fear memories are intact (Marsi-mission. They expressed a dominant temperature-sen-
cano et al., 2002). Very intriguingly, CB1 can also modu-sitive shibirets1 (shits1) effector transgene in the same
late GABA-mediated transmission.set of MB neurons that they used to restore wild-type
In summary, the study of Schwaerzel et al. suggestsmemory to rut mutant flies. They inactivated MB synap-
that extinction of olfactory memories in the mushroomtic output during extinction training by raising the tem-
bodies involves neurons in the same brain structure asperature. This manipulation had no effect on extinction.
those involved in olfactory learning. They may even beSo extinction, like acquisition, does not require MB out-
the same neurons. Although more experiments are re-put. If on the other hand they blocked MB input by
quired to understand exactly how extinction occurs, weexpressing shits1 in the neural tract (AGT) connecting the
now have a better idea of where to look in the fly brainantennal lobes (AL) and MB, they abolished extinction.
to find out how flies forget those painful moments.These experiments suggest that the process of extinc-
tion likely occurs somewhere between the AL and the
MBs (see Figure). The authors favor the idea that extinc- Scott Waddell
tion occurs in the same MB neurons in which memories Department of Neurobiology
are formed. University of Massachusetts Medical School
Can there be other neurons involved? Schwaerzel et 364 Plantation Street
al. note that the AGT projects olfactory information not Worcester, Massachusetts 01655
only to the MB, but also to the lateral horn and that an
unknown circuit could carry information that modulates Selected Reading
MB neurons or their output. Certainly, there is a candi-
Berman, D.E., and Dudai, Y. (2001). Science 291, 2417–2419.date circuit. A recent study in the locust (Perez-Orive et
Dubnau, J., Grady, L., Kitamoto, T., and Tully, T. (2001). Nature 411,al., 2002) identified a set of inhibitory neurons in the
476–480.lateral horn (lateral horn inhibitory neurons [LHIs]) that
Kandel, E.R. (2001). Science 294, 1030–1038.are downstream of the AGT and that send axonal collat-
Lattal, K.M., and Abel, T. (2001). J. Neurosci. 21, 5773–5780.erals into the MB calyces (Figure). This GABAergic feed-
forward inhibition is driven by odor exposure, and it LeDoux, J.E. (2000). Annu. Rev. Neurosci. 23, 155–184.
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Cascio, M.G., Hermann, H., Tang, J., Hofmann, C., Zieglgansberger, vivid representation of the past episode.
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the items prior occurrence. For example, the subject
Perez-Orive, J., Mazor, O., Turner, G.C., Cassenaer, S., Wilson, R.I., might be asked to remember whether the word ketchup
and Laurent, G. (2002). Science 297, 359–365.
was presented on the right or left side of a computer
Rescorla, R.A. (2001). In Handbook of Contemporary Learning Theo-
monitor or whether one person or another said the word.ries (Mahwah, NJ: Erlbaum and Associates) pp. 119–154.
Unlike simple item recognition, recollection of the study
Schwaerzel, M., Heisenberg, M., and Zars, T. (2002). Neuron 35, this
episode is required to solve the source retrieval taskissue, 951–960.
because content details must be remembered. SourceTully, T., and Quinn, W.G. (1985). J. Comp. Physiol. [A] 157, 263–277.
retrieval tasks typically take more time and are accom-Waddell, S., and Quinn, W.G. (2001). Trends Genet. 17, 719–726.
panied by a perception that the original study episode
Zars, T., Fischer, M., Schulz, R., and Heisenberg, M. (2000). Science
is being reexperienced.288, 672–675.
In their study, Dobbins et al. manipulated the source
of studied information by having subjects learn words
in the context of two different kinds of task. In the first,
subjects decided whether the words were abstract or
concrete. In the second, the decision was whether theFrontally Mediated Control
words were pleasant or unpleasant. At the time of theProcesses Contribute to
retrieval, the subjects were presented with three words:Source Memory Retrieval one word that was new, a second that was from the
abstract/concrete study task, and a third that was from
the pleasant/unpleasant study task. This test procedure,
using word triads, set the stage for an elegant manipula-Remembering is a cognitively demanding task that
tion of item and source memory. In the item retrievalrequires the strategic selection of information from
condition, the subjects identified the new item—a deci-memory. In this issue of Neuron, Dobbins et al. present
sion that could rely on a simple sense of which itemfunctional MRI (fMRI) data that shed insight into the
among the three was unfamiliar. In the source retrievalspecific, dissociated contributions of frontal regions
condition, the subjects identified the word that was spe-to remembering.
cifically from one of the study tasks. In this second
condition, the subjects were required to determine be-It is an astounding cognitive feat that, when cued appro-
tween the two familiar words the source of their originalpriately, we can retrieve content details of a specific
presentation. By contrasting the source and item re-conversation long after it has occurred, in the presence
trieval conditions, Dobbins et al. were able to character-of numerous intervening conversations and other events
ize frontal regions preferentially activated by the source
that have been encoded in the interim. Studies of pa-
retrieval task, among other regions also discussed in
tients with frontal lobe damage suggest a role for frontal
the paper.
cortex in strategic, control processes associated with
Contrasted with item retrieval, source retrieval was
retrieval. Frontal damage, for example, can cause confu- associated with increased activation in a number of pre-
sion among stored information sources and even the frontal regions in left inferior prefrontal cortex (LIPC),
attribution of whether something has really occurred in extending anteriorally into frontopolar cortex. To further
the past (e.g., Moscovitch, 1989; Burgess and Shallice, characterize the role of these regions, the magnitude of
1996; Milner et al., 1985; Schacter et al., 1996; Shima- activation was examined in the two retrieval tasks (item
mura et al., 1989). Dobbins et al. (2002), in this issue and source) and also in the study conditions where sub-
of Neuron, shed insight on the contributions of frontal jects were required to perform meaning-based elabora-
cortex to control processes during memory retrieval. tion. Multiple frontal regions showed functional dissoci-
Using functional MRI (fMRI), they employ a particularly ation with a specific set of regions near the anterior
clever set of retrieval tasks that hold constant the train- extent of LIPC active during meaning-based elaboration
ing history and the stimuli administered to the subjects at study and also during source retrieval at test, but
but vary the instructions associated with the retrieval not during item retrieval. This is a particularly intriguing
task to encourage or discourage the requirement for finding because the dissociation is carried by differ-
strategic processing. At the root of their experiments is ences in strategic processing requirements between
the well studied distinction between item and source tasks within the retrieval domain. These regions in LIPC
retrieval. appear to contribute to control processes associated
Item retrieval (or recognition) refers to the simplest with remembering source.
form of retrieval task that can be administered. The exact One open issue is how best to specify the nature of
item to be remembered is presented as a copy to the the operations subserved by the frontal structures active
subject, and the subject’s task is to recognize whether during remembering—in particular, the role of the ante-
the item is old or new. For example, having studied the rior portion of LIPC (near BA 45/47). Early neuroimaging
word “ketchup,” the subject might be shown the words work (e.g., Petersen et al., 1989) noted the presence
“refrigerator” and then “ketchup” during the retrieval of activation in this region when subjects performed
test. The answers would be new and then old. Such a elaborate word generation tasks and semantic monitor-
ing tasks, but not during automated generation tasks,decision can be solved by using a general sense of
